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a  b  s  t  r  a  c  t
Sol–gel  derived  TiO2 ﬁlms  were  prepared  from  the  solutions  containing  Ti(OC3H7 i)4, H2O,  HNO3 and
C2H5OH  by  dip-coating,  and  the  effects  of the processing  parameters  (the  heat-treatment  temperature
and  time,  and  the  H2O  contents  in  the  coating  solutions)  on  the  crystallization  and  densiﬁcation  of  TiO2
ﬁlms  during  the  heat  treatment  in  air were  discussed.  Anatase  ﬁlms  were  obtained  by  the  heat  treatments
over  400 ◦C, and  the increase  in  heat-treatment  temperature  and time  led to  a decrease  in ﬁlm  thicknesseywords:
iO2
hin ﬁlm
ol–gel method
and  an  increase  in grain  size,  crystallite  size  and  refractive  index  of  the ﬁlms.  Moreover,  the crystal
growth  and  grain  growth  were  promoted  with  increasing  H2O content  in  the  coating  solutions  during
the  heat  treatments  over 500 ◦C, while  the  crystallization  and densiﬁcation  were  suppressed  by  the  slow
condensation  of Ti OH species  below  400 ◦C at larger  H2O contents.
©  2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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. Introduction
TiO2 ﬁlms are receiving much attention due to the photocat-
lytic activities and the excellent optical and electrical properties,
nd hence widely used for various practical applications such as
hotocatalysts [1–4], optical coatings [5–8] and electrodes for solar
ells [9–11]. Since the performances of these devices depend on the
rystallinity, crystallite size and porosity, the control of the crystal-
ization and densiﬁcation is important for the practical applications
f TiO2 ﬁlms.
Sol–gel coating process is known as one of the typical methods
or synthesizing metal oxide ﬁlms [12–21]. The synthetic pro-
ess generally comprises the preparation of precursor sols via
he hydrolysis and condensation reactions of metal alkoxides, the
eposition of amorphous gel ﬁlms on substrates, and the heat
reatment of the gel ﬁlms for the conversion of polycrystalline
eramic ﬁlms. The crystallization and densiﬁcation of sol–gel-∗ Corresponding author at: Faculty of Chemistry, Materials and Bioengineering,
ansai University, 3-3-35 Yamate-cho, Suita 564-8680, Japan.
el.: +81 6 6368 1121x5638; fax: +81 6 6388 8797.
E-mail address: h uchi@kansai-u.ac.jp (H. Uchiyama).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2013.06.001
H
c
o
L
a
s
s
t
f
a
d
pElsevier  B.V.  All  rights  reserved.
erived metal oxide ﬁlms progress during the heat treatment
t relatively high temperatures. In many cases, alkoxide-derived
morphous TiO2 ﬁlms crystallize in anatase phase between 400
nd 800 ◦C, and the anatase phase transforms into rutile phase over
00 ◦C [12,13]. Simultaneously, the porosity of TiO2 ﬁlms decreases
ith increasing heat-treatment temperature, and the highly dense
lms are achieved by the sintering of grains over 800 ◦C [12,13].
n the other hand, the effects of processing parameters other than
eat-treatment temperature on the crystallization and densiﬁca-
ion behaviors have been widely investigated for sol–gel-derived
iO2 ﬁlms. Ohya et al. prepared TiO2 ﬁlms from Ti(OC3H7i)4
olutions containing H2O, i-C3H7OH and diethanolamine, ﬁnding
hat the rapid heating of gel ﬁlms promotes the anatase-to-rutile
hase transformation [14]. Ahn et al. prepared TiO2 ﬁlms from
i(OC3H7i)4 solutions containing H2O, i-C3H7OH and HCl, and
eported that the temperature of the anatase-to-rutile phase trans-
ormation decreases with increasing HCl concentration in the
recursor solutions [12]. San Vicente et al. prepared nanocrys-
alline anatase TiO2 ﬁlms from Ti(OC4H9)4 solutions containing
2O, HCl and C2H5OH, and found that the increase in Ti(OC4H9)4
ontents in the precursor solutions leads to the improvement
f the crystallinity of the anatase ﬁlms [15]. Bockmeyer and
obmann investigated the inﬂuence of the solvent composition
nd the drying conditions of gel ﬁlms, and found that the rapid
olvent evaporation leads to the fast densiﬁcation and the inclu-
ion of organic groups in the resultant ﬁlms [16]. These suggest
hat the detailed understanding is required for many essential
actors that determine the crystallization and densiﬁcation of
lkoxide-derived metal oxide ﬁlms so that the formation of highly
ense and highly crystalline ﬁlms is achieved via sol–gel coating
rocess.
H. Uchiyama et al. / Journal of Asian Cer
Table  1
Compositions of the coating solutions.
Mole ratio of the coating solutions
Ti(OC3H7 i)4 H2O (x) HNO3 C2H5OH
1 0.5 0.2 10
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anatase over 500 ◦C. Fig. 3 shows the crystallite size of anatase cal-1  1.0 0.2 10
1  2.0 0.2 10
The crystallization of amorphous materials by the heat treat-
ent in the presence of H2O has been studied by several
pproaches. Mukherjee et al. reported that the OH groups accel-
rate the crystallization of La2O3–SiO2 glasses where the hydroxyl
roups act as the source of oxygen and reduce the viscosity of
he glass [22]. Gonzalezoliver et al. investigated the crystallization
ehavior of glasses containing H2O, and found that a small amount
f H2O markedly increases the crystal nucleation and growth rates
n Li2O–SiO2 and Na2O–CaO–SiO2 glasses [23]. Such crystallization
romoted by H2O is also observed in sol–gel-derived TiO2 ﬁlms.
ahni et al. reported that the temperature of the anatase-to-rutile
hase transformation decreases with increasing H2O content in the
recursor solutions [19]. Imai et al. investigated the crystallization
f alkoxide-derived amorphous TiO2 ﬁlms by the exposure to H2O
apor, and found that the anatase phase is formed in H2O vapor at
ow temperature of 180 ◦C [20,21]. These indicate that the presence
f H2O is an important factor for the crystallization of amorphous
el ﬁlms by the heat treatment. However, the effect of H2O on the
rystallization and densiﬁcation of sol–gel-derived gel ﬁlms during
he heat treatment has not been systematically investigated, and
he inﬂuence of the processing parameter (e.g., H2O content in the
recursor solutions, humidity during the heat treatment, and heat-
reatment temperature and time) on the crystallinity, crystallite
ize, grain size and porosity of the resultant ceramic ﬁlms remains
nclear. The precise mechanism of crystallization that is promoted
y H2O would allow us to achieve the formation of highly dense
nd highly crystalline ceramic ﬁlms via sol–gel coating process.
In this work, we prepared alkoxide-derived TiO2 ﬁlms from pre-
ursor solutions containing Ti(OC3H7i)4, H2O, HNO3 and C2H5OH,
nd investigated the effect of the H2O content in the precursor
olutions on the crystallization and densiﬁcation of the gel ﬁlms
uring heat treatment. TiO2 gel ﬁlms were prepared from the solu-
ions of various H2O/Ti(OC3H7i)4 mole ratios by dip-coating, and
hen crystallized by the heat treatment at various temperatures for
arious periods of time. Here, the inﬂuence of H2O on the crys-
allization and densiﬁcation was quantitatively discussed from the
iew point of thickness, crystalline phase, crystallite size, grain size,
nd refractive index of the resultant TiO2 ﬁlms.
. Experimental
.1. Preparation of TiO2 ﬁlms
Ti(OC3H7i)4, HNO3 and C2H5OH, all purchased from Wako
ure Chemical Industries, Osaka, Japan, were used as the
tarting materials. The compositions of the starting solutions
re listed in Table 1. Starting solutions of molar compo-
itions, Ti(OC3H7i)4:H2O:HNO3:C2H5OH = 1:x  (x = 0.5–2.0):0.2:10,
ere prepared by the following procedure. First, Ti(OC3H7i)4 was
dded to a half of the prescribed amount of C2H5OH. Puriﬁed water
as added to the remaining C2H5OH, and then nitric acid was
dded. The solution containing C H OH, puriﬁed water and nitric2 5
cid was added dropwise to the Ti(OC3H7i)4 solution under stirring
n an ice-water bath. The solutions were kept stirring in an ice-
ater bath for 30 min, and then at room temperature for 30 min.
c
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he resultant solutions thus obtained were used as coating solu-
ions.
Gel ﬁlms were deposited on silica glass substrates
20 mm × 40 mm × 0.85 mm)  by dip-coating, where the sub-
trates were withdrawn at 3–9 cm min−1. Here, the withdrawal
peeds were set so that the resultant ﬁlm thickness after the
eat treatment at 700 ◦C for 10 min  was  ca. 100 nm (Supporting
nformation Table S1). The ﬁlms thus obtained were dried at room
emperature (ca. 25 ◦C) for 1 day or heated at 200–800 ◦C for
0–360 min  in air. In the case of the heat treatments at 200–800 ◦C,
he gel ﬁlms were immediately transferred to an electric furnace
eld at prescribed temperatures after dip-coating. Hereafter,
iO2 ﬁlms prepared from the coating solutions of x = 0.5–2.0 are
enoted as Films H0.5–H2.0, respectively.
.2. Characterization
The thickness of the ﬁlms heated below 200 ◦C was  measured
sing a contact probe surface proﬁlometer (SE3400, Kosaka Labo-
atory, Tokyo, Japan). For the measurement of the ﬁlm thickness,
 part of the gel ﬁlm was scraped off with a surgical knife before
eat treatment, and the thickness was determined from the level
ifference between the coated and the scraped parts after heat
reatment. The thickness and refractive index of the ﬁlms heated
ver 400 ◦C were measured using an ellipsometer (ESM-1T, ULVAC,
higasaki, Japan). The ellipsometric measurement was conducted
n ten different points on the ﬁlm sample with an He–Ne laser at
n incident angle of 70◦.
The crystalline phases were identiﬁed by X-ray diffraction (XRD)
easurement by ordinary 2/ mode using an X-ray diffractome-
er (Model Rint 2550V, Rigaku, Tokyo, Japan) with CuK radiation
perated at 40 kV and 300 mA.  The microstructure of the thin
lm samples was observed using a ﬁeld emission scanning elec-
ron microscope (FE-SEM) (Model JSM-6500F, JEOL, Tokyo, Japan)
nd a scanning probe microscope (SPM) (Nanopics 1000, Seiko
nstruments Inc., Chiba, Japan). Surface roughness parameter, Ra
arithmetical mean deviation), was  automatically calculated from
he SPM images (the deﬁnition of Ra is shown in Supporting
nformation Figure S1). The infrared (IR) absorption spectra were
easured on the thin ﬁlms deposited on Si(1 0 0) substrates using a
ourier transform IR spectrometer (Model FT/IR-410, Jasco, Tokyo,
apan), where a bare Si(1 0 0) substrate was used as the reference.
. Results
.1. Characterization of TiO2 ﬁlms heated at various temperatures
TiO2 gel ﬁlms were prepared from the coating solutions of
 = 0.5–2.0 by dip-coating (Films H0.5–H2.0). Then, the gel ﬁlms
ere dried at room temperature (ca. 25 ◦C) for 1 day or heated at
00–800 ◦C for 10 min  in air. Fig. 1 shows the dependence of the
hickness on the heat-treatment temperature for Films H0.5–H2.0.
ilms H0.5 and H1.0 showed a decrease in thickness with increas-
ng heat-treatment temperature. The thickness of Film H2.0 did not
hange by the heat treatments at 200–400 ◦C, and decreased with
ncreasing heat-treatment temperature over 500 ◦C.
Fig. 2 shows the XRD patterns of Films H0.5–H2.0 dried at room
emperature (ca. 25 ◦C) and heated at 400–800 ◦C for 10 min. Film
0.5 had the diffraction peaks attributed to anatase when heated
ver 400 ◦C. On the other hand, Films H1.0–H2.0 crystallized inulated from the (1 1 0) diffraction peaks with Scherrer’s formula.
he crystallite size increased with increasing heat-treatment tem-
erature, and with increasing H2O contents in the coating solutions.
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Fig. 1. Dependence of thickness on heat-treatment temperature for Films
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Fig. 3. Dependence of crystallite size on heat-treatment temperature for Films
H0.5–H2.0 heated at 400–800 ◦C for 10 min.
Table 2
Surface roughness parameter, Ra, of Films H0.5–H2.0 heated at 800 ◦C for 10 min.
Film Ra/nm
H0.5 0.29 ± 0.02
h
o
c
a
and the grain size increased and the surface became rough with0.5–H2.0 heated at 200–800 ◦C for 10 min.
Fig. 4 shows the IR absorption spectra of Films H0.5–H2.0 dried
t room temperature (ca. 25 ◦C) for 1 day and heated at 400–800 ◦C
or 10 min. The broad band below 1000 cm−1 observed for all the
el ﬁlms and for Films H1.0–H2.0 heated at 400 ◦C may be assigned
o the envelope of the phonon bands of Ti O Ti bonds [24]. The
harp peak at 430 cm−1 attributed to the stretching vibrations of
i O Ti bonds in anatase is observed for Films H0.5 heated over
00 ◦C and for H1.0–H2.0 over 500 ◦C [25,26]. The broad band of
sopropyl groups is found at 1350 cm−1 in the spectra of all the gel
lms. The broad band at around 3400 cm−1 and the weak band at
630 cm−1 are assigned to the stretching and bending vibrations
f O H bonds, respectively. The bands attributed to O H bonds
◦isappeared by the heat treatments over 400 C for Films H0.5,
hile the band at around 3400 cm−1 was slightly observed for Films
1.0–H2.0 heated at 400 ◦C, which disappeared over 500 ◦C.
i
S
1
Fig. 2. XRD patterns of Films H0.5–2.0 dried at room temperH1.0 0.32 ± 0.06
H2.0 0.42 ± 0.03
Fig. 5 shows the SEM images of the surface of Films H0.5–2.0
eated over 500 ◦C for 10 min. Smooth and ﬂat surface was
bserved for Films H0.5–2.0 heated below 400 ◦C irrespective of the
oating solutions (Supporting Information Figure S2). Small grains
ppeared on the surface of Films H0.5–2.0 heated over 500 ◦C,ncreasing heat-treatment temperature (Fig. 5). Fig. 6 shows the
PM images of the surface of Films H0.5–2.0 heated at 800 ◦C for
0 min, and Table 2 shows the surface roughness parameter, Ra,
ature (gel ﬁlms) and heated at 400–800 ◦C for 10 min.
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Fig. 4. IR absorption spectra of Films H0.5–2.0 dried at room temperature (gel ﬁlms) and heated at 400–800 ◦C for 10 min.
Fig. 5. SEM images of the surface of Films H0.5–2.0 heated at 500–800 ◦C for 10 min.
Fig. 6. SPM images of the surface of Films H0.5–2.0 heated at 800 ◦C for 10 min.
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Table 3
Surface roughness parameter, Ra, of Films H0.5–H2.0 heated at 400 and 700 ◦C for
360 min.
Film Ra/nm
400 ◦C 700 ◦C
H0.5 0.26 ± 0.02 0.29 ± 0.09
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was almost completed by the initial 10 min heat treatment atig. 7. Dependence of refractive index on heat-treatment temperature for Films
0.5–H2.0 heated at 400–800 ◦C for 10 min.
alculated from the SPM images. Rough surface consisting of larger
ains was observed for Film H2.0 (Fig. 6), and Ra increased with
2O content in the coating solutions (Table 2).
Fig. 7 shows the dependence of the refractive index on the heat-
reatment temperature for Films H0.5–2.0 heated at 400–800 ◦C for
0 min. In all the cases, the increase in heat-treatment temperature
ed to an increase in refractive index. Film H2.0 heated at 400 ◦C had
ower refractive indexes than Films H0.5–1.0, while Film H1.0–2.0
eated at 500–700 ◦C showed higher refractive indexes than Film
0.5. Films H0.5–2.0 exhibited almost the same refractive index,
hen heated at 800 ◦C.
.2. Characterization of TiO2 ﬁlms heated for various periods of
ime
TiO2 gel ﬁlms were prepared from the coating solutions of
 = 0.5–2.0 by dip-coating (Films H0.5–H2.0), followed by heating
t 400 or 700 ◦C for 10–360 min  in air. Fig. 8 shows the dependence
f the thickness on the heat-treatment time for Films H0.5–H2.0
eated at 700 (a) and 400 ◦C (b). During the heating at 700 ◦C, the
hickness drastically decreased at initial 10 min, and then almost
nchanged for Films H0.5–H2.0 (Fig. 8a). On the other hand, when
eated at 400 ◦C, Films H0.5–H1.0 largely decreased in thickness
t initial 10 min, while such large thickness reduction was not
bserved for Films H2.0 (Fig. 8b). After the initial 10 min  heat
reatment at 400 ◦C, the thickness slightly decreased for Films
0.5–H2.0 during the heat treatment. Film H2.0 heated at 400 ◦C
ad larger thickness than Films H0.5–H1.0 (Fig. 8b), while Films
0.5–H2.0 heated at 700 ◦C exhibited almost the same thickness
Fig. 8a).
Figs. 9 and 10 show the XRD patterns of Films H0.5–H2.0
eated at 700 and 400 ◦C, respectively, for 10–360 min. All the ﬁlms
eated at 700 ◦C showed the diffraction peaks attributed to anatase
Fig. 9). When heated at 400 ◦C, Film H0.5 crystallized in anatase
n 10 min, while anatase clearly appeared in Films H1.0–H2.0 in
0 min  (Fig. 10). Fig. 11 shows the crystallite size of anatase calcu-
ated from the (1 1 0) diffraction peaks with Scherrer’s formula. In
oth cases of heating at 700 and 400 ◦C, the crystallite size increased
ith increasing heat-treatment time and H2O content in the coat-
ng solutions.
7
s
aH1.0 0.26 ± 0.04 0.35 ± 0.07
H2.0 0.24 ± 0.03 0.30 ± 0.07
Figs. 12 and 13 show the SEM images of the surface of Films
0.5–2.0 heated at 700 and 400 ◦C, respectively, for 10–360 min,
hile Table 3 shows the surface roughness parameter, Ra, calcu-
ated from the SPM images of Films H0.5–2.0 heated at 700 and
00 ◦C for 360 min  (the SPM images are shown in Supporting Infor-
ation Figures S3 and S4). In the case of the heating at 700 ◦C, grains
f 10–100 nm in size were formed on the surface of Films H0.5–2.0
ven in 10 min, and the grain size increased and the surface became
ough with increasing heat-treatment time (Fig. 12). Fig. 12 also
ndicates that the grain growth at 700 ◦C is faster for Film H2.0
han for Films H0.5–1.0. The Ra values of Films H0.5–2.0 heated at
00 for 360 min  exhibited large variability, where no remarkable
ifference was seen between Films H0.5–2.0 (Table 3). In the case
f the heating at 400 ◦C, grains smaller than 50 nm were formed on
he surface of Films H0.5–2.0 in 60 min, and after that, no remark-
ble grain growth was  observed (Fig. 13). The Ra values of Films
0.5–2.0 heated at 400 ◦C for 360 min  were almost the same, and
ower than those at 700 ◦C (Table 3).
Fig. 14 shows the dependence of the refractive index on the
eat-treatment time for Films H0.5–2.0 heated at 700 (a) and
00 ◦C (b) for 10–360 min. In all the cases, the increase in the heat-
reatment time led to an increase in refractive index. Film H1.0–2.0
eated at 700 ◦C for 10–180 min  showed higher refractive indexes
han Film H0.5 (Fig. 14a). When heated at 700 ◦C for 360 min, Films
0.5–2.0 exhibited almost the same refractive index (Fig. 14a). On
he other hand, the refractive index of the TiO2 ﬁlms heated at
00 ◦C decreased with increasing H2O content in the coating solu-
ions (Fig. 14b).
. Discussion
.1. Effects of the heat-treatment temperature and time on the
rystallization and densiﬁcation of TiO2 ﬁlms
In Section 3.1, alkoxide-derived TiO2 ﬁlms (Films H0.5–2.0)
ere obtained via the heat treatments at various temperatures
200–800 ◦C) for short periods of time (10 min). Films H0.5–2.0
ecreased in thickness with increasing heat-treatment tempera-
ure (Fig. 1), indicating that the densiﬁcation rapidly progressed at
igher temperatures due to the solvent evaporation, the burning
f organic species and the sintering of grains. The increase in heat-
reatment temperature also led to the increase in crystallite and
rain size (Figs. 3, 5 and 6), which indicates that the crystal growth
nd grain growth are accelerated with increasing heat-treatment
emperature. Such rapid crystallization and densiﬁcation resulted
n an increase in refractive indexes (Fig. 7).
In Section 3.2, Films H0.5–2.0 were obtained via the heat treat-
ents at 400 and 700 ◦C for various periods of times (10–360 min).
uring the heat treatment at 700 ◦C, the thickness drastically
ecreased at initial 10 min  and then almost unchanged for Films
0.5–2.0 (Fig. 8a), which indicates the densiﬁcation of the ﬁlms00 ◦C. The long-time heating at 700 ◦C led to the increase in grain
ize, crystallite size and refractive index (Figs. 11a, 12 and 14a),
nd the reﬂective indexes of Films H0.5–2.0 heated for 360 min
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Fig. 8. Dependence of thickness on heat-treatment time for Films H0.5–H2.0 heated at 700 (a) and 400 ◦C (b) for 10–360 min.
Fig. 9. XRD patterns of Films H0.5–2.0 heated at 700 ◦C for 10–360 min.
Fig. 10. XRD patterns of Films H0.5–2.0 heated at 400 ◦C for 10–360 min.
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2.52–2.57) were identical to those of highly crystalline anatase
2.48–2.57) [27–29,6,30]. These results indicate that highly dense
nd highly crystalline anatase ﬁlms are obtained by the progress
n the crystal growth and grain growth during heat treatments for
60 min.
On the other hand, the thickness of Films H0.5–H2.0 slowly
educed during the heat treatments at 400 ◦C for 10–360 min
Fig. 8b), where the thickness was larger than those at 700 ◦C
Fig. 8). Moreover, Films H0.5–H2.0 obtained at 400 ◦C exhibited
maller crystallite size and lower reﬂective index than those at
00 ◦C (Figs. 11 and 14), and no remarkable grain growth was
◦bserved at 400 C (Fig. 13). These results suggest that the crys-
allization and densiﬁcation did not fully progress at such a lower
emperature, and porous ﬁlms with low crystallinity are formed
ven by 360 min  heat treatment.
d
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t
Fig. 12. SEM images of the surface of Films H0r Films H0.5–H2.0 heated at 700 (a) and 400 ◦C (b) for 10–360 min.
.2. Effect of H2O on the crystallization and densiﬁcation of TiO2
lms
In this work, TiO2 ﬁlms were prepared from the coating solu-
ions of various H2O/Ti(OC3H7i)4 mole ratios (x = 0.5–2.0) via the
eat treatments at 200–800 ◦C for 10–360 min  (Films H0.5–2.0).
he increase in H2O contents in the coating solutions provided
arger grains and crystallites, and higher refractive indexes for
ilms H0.5–2.0 heated over 500 ◦C (Figs. 3, 5–7, 11a, 12 and 14a).
hese results indicate that the crystal growth and grain growth
ver 500 ◦C are promoted by H2O. The crystallization of alkoxide-
erived TiO2 gel ﬁlms in the presence of H2O has been reported
n some literature [19–21]. Imai et al. investigated the crystalliza-
ion of alkoxide-derived amorphous TiO2 gel ﬁlms during exposure
o H2O vapor, and found that the anatase phase is formed in H2O
.5–2.0 heated at 700 ◦C for 10–360 min.
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fFig. 13. SEM images of the surface of Fil
apor at a low temperature of 180 ◦C [20,21]. They thought that
2O vapor attacks the Ti O bonds in the gel network and induces
he cleavage of the bonds, promoting the crystallization of the TiO2
el ﬁlms. Such promotion of crystallization due to the cleavage of
O (M:  metal ions) bonds has also been observed in other amor-
hous materials containing H2O such as La2O3–SiO2, Li2O–SiO2
nd Na2O–CaO–SiO2 glasses [22,23]. In the present case, sol–gel
erived TiO2 gel ﬁlms prepared from the coating solutions of higher
2O contents are thought to contain larger amounts of unreacted
2O molecules and Ti OH groups. Thus, in the initial stage of the
eat treatment, the nucleation and growth of TiO2 crystals could
e accelerated by the Ti OH species produced via the hydrolysis
eaction, leading to the formation of larger grains and crystallites,
nd hence to the increase in refractive index.
On the other hand, Films H1.0–H2.0 were not crystallized by the
0 min  heat treatment at 400 ◦C, while anatase phase appeared in
ilm H0.5 (Figs. 2 and 4). Moreover, in the case of the heating at
a
ﬁ
c
f
Fig. 14. Dependence of refractive index on heat-treatment temperature fo.5–2.0 heated at 400 ◦C for 10–360 min.
00 ◦C for 10–360 min, the ﬁlm thickness increased and the refrac-
ive index decreased with increasing H2O contents in the coating
olutions (Figs. 1, 7, 8b and 14b). These suggested that the nuclea-
ion and growth of TiO2 crystals below 400 ◦C were suppressed with
ncreasing H2O contents, unlike over 500 ◦C. The difference in the
ffect of H2O on the crystallization and densiﬁcation of TiO2 ﬁlms
etween 400 and 500 ◦C could be caused by the slow condensa-
ion of Ti OH species below 400 ◦C. In the IR absorption spectra of
ilms H0.5–H2.0, the band at around 3400 cm−1 attributed to O H
onds is slightly observed for Films H1.0–H2.0 heated at 400 ◦C
or 10 min  (Fig. 4), which means that the condensation reaction
f Ti OH species did not complete at 400 ◦C. Gel ﬁlms prepared
rom the coating solutions with higher H2O contents contain larger
mounts of Ti OH groups, and thus the crystallization and densi-
cation during heating at 400 ◦C could be suppressed by the slow
ondensation of Ti OH groups for Films H1.0–H2.0, resulting in the
ormation of highly porous and low-crystalline ﬁlms.
r Films H0.5–H2.0 heated at 700 (a) and 400 ◦C (b) for 10–360 min.
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. Conclusions
Sol–gel derived TiO2 ﬁlms were prepared from coating solutions
f various H2O/Ti(OC3H7i)4 mole ratios by dip-coating, followed
y heat treatment at 200–800 ◦C for 10–360 min  in air. The
rystallization and densiﬁcation of TiO2 ﬁlms were accelerated
ith increasing heat-treatment temperature and progressed with
ncreasing heat-treatment time. Moreover, the grain and crystal
rowth of anatase were promoted with increasing H2O contents in
he coating solutions during the heat treatments over 500 ◦C, lead-
ng to the formation of highly dense and highly crystalline TiO2
lms. The promotion of grain growth and crystal growth by H2O
ould be attributed to the structural change induced by the cleav-
ge of Ti O bonds in the gel network with the hydrolysis reaction.
n the other hand, the crystallization and densiﬁcation of TiO2 ﬁlms
uring the heat treatments below 400 ◦C were suppressed due to
he slow condensation reaction of Ti OH species, and consequently
ighly porous ﬁlms were obtained with increasing H2O contents.
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